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Abstract
A novel feature of electron transport is explored through a thin film of varying impurity density with
the distance from its surface. The film, attached to two metallic electrodes, is described by simple
tight-binding model and its coupling to the electrodes is treated through Newns-Anderson chemisorption
theory. Quite interestingly it is observed that, in the strong disorder regime the amplitude of the current
passing through the film increases with the increase of the disorder strength, while it decreases in the
weak disorder regime. This anomalous behavior is completely opposite to that of conventional disordered
systems. Our results also predict that the electron transport is significantly influenced by the finite size
of the thin film.
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1 Introduction
In the last few decades considerable attention has
been paid to the propagation of electrons through
quantum devices with various geometric structures
where the electron transport is predominantly co-
herent [1, 2]. Recent progress in creating such
quantum devices has enabled us to study the elec-
tron transport through them in a very tunable en-
vironment. By using single molecule or cluster
of molecules it can be made possible to construct
the efficient quantum devices that provide a signa-
ture in the design of future nano-electronic circuits.
Based on the pioneering work of Aviram and Rat-
ner [3] in which a molecular electronic device has
been predicted for the first time, the development
of a theoretical description of molecular electronic
devices has been pursued. Later, several experi-
ments [4, 5, 6, 7, 8] have been performed through
different molecular bridge systems to understand
the basic mechanisms underlying such transport.
Though electron transport properties through sev-
eral bridge systems have been described elaborately
in lot of theoretical as well as experimental papers,
but yet the complete knowledge of the conduction
mechanism in this scale is not well understood even
today. For example, it is not so transparent how
the molecular transport is affected by its coupling
with the side attached electrodes or by the geom-
etry of the molecule itself. Several significant fac-
tors are there which control the the electron con-
duction across a bridge system and all these effects
have to be considered properly to study the elec-
tron transport. In a their work, Ernzerhof et al. [9]
have manifested a general design principle through
some model calculations, to show how the molec-
ular structure plays a key role in determining the
electron transport. The molecular coupling with
the electrodes is also another important factor that
controls the current in a bridge system. In addi-
tion to these, the quantum interference of electron
waves [10, 11, 12, 13, 14, 15, 16, 17, 18] and the
other parameters of the Hamiltonian that describe
the system provide significant effects in the deter-
mination of the current through the bridge system.
Now in these small-scale devices, dynamical fluctu-
ations play an active role which can be manifested
through the measurement of “shot noise”, a direct
consequence of the quantization of charge. It can
be used to obtain information on a system which
is not available directly through the conductance
measurements, and is generally more sensitive to
the effects of electron-electron correlations than the
average conductance [19, 20].
In this present paper, we will describe quite a dif-
ferent aspect of quantum transport than the above
mentioned issues. Using the advanced nanoscience
and technology, it can be made possible to fabri-
cate a nano-scale device where the charge carri-
ers are scattered mainly from its surface bound-
aries [21, 22, 23, 24, 25] and not from the inner
core region. It is completely opposite to that of a
traditional doped system where the dopant atoms
are distributed uniformly along the system. For ex-
ample, in shell-doped nanowires the dopant atoms
are spatially confined within a few atomic layers
in the shell region of a nanowire. In such a shell-
doped nanowire, Zhong and Stocks [22] have shown
that the electron dynamics undergoes a localiza-
tion to quasi-delocalization transition beyond some
critical doping. In other very recent work [24],
Yang et al. have also observed the localization
to quasi-delocalization transition in edge disordered
graphene nanoribbons upon varying the strength of
the edge disorder. From the extensive studies of
the electron transport in such systems where the
dopant atoms are not distributed uniformly along
the system, it has been suggested that the surface
states [26], surface scattering [27] and the surface
reconstructions [28] may be responsible to exhibit
several diverse transport properties. Motivated by
such kind of systems, in this article we consider a
special type of thin film where disorder strength
varies smoothly from layer to layer with the distance
from the film surface. This system shows a peculiar
behavior of the electron transport where the current
amplitude increases with the increase of the disor-
der strength in the limit of strong disorder, while
the amplitude decreases in the weak disorder limit.
On the other hand, for the conventional disordered
system i.e., the system subjected to uniform disor-
der, the current amplitude always decreases with
the increase of the disorder strength. From our
study it is also observed that the electron trans-
port through the film is significantly influenced by
its size which reveals the finite quantum size effects.
Here we reproduce an analytic approach based on
the tight-binding model to investigate the electron
transport through the film system, and adopt the
Newns-Anderson chemisorption model [29, 30, 31]
for the description of the electrodes and for the in-
teraction of the electrodes with the film.
We organize this paper as follows. In Section 2,
we describe the model and the methodology for the
calculation of the transmission probability (T ) and
the current (I) through a thin film attached to two
metallic electrodes by the use of Green’s function
technique. Section 3 discusses the significant re-
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sults, and finally , we summarize our results in Sec-
tion 4.
2 Model and the theoretical
description
This section describes the model and the method-
ology for the calculation of the transmission prob-
ability (T ), conductance (g) and the current (I)
through a thin film attached to two one-dimensional
metallic electrodes by using the Green’s function
Source
Drain
Figure 1: A thin film of four layers attached to two
metallic electrodes (source and drain), where the
different layers are subjected to different impurity
strengths. The top most front layer (green color)
is subjected to the highest impurity strength and
the strength of the impurity decreases smoothly to-
wards the bottom layer keeping the lowest bottom
layer (light blue color) as impurity free. The two
electrodes are attached at the two extreme corners
of the bottom layer.
technique. The schematic view of such a bridge
system is illustrated in Fig. 1.
For low bias voltage and temperature, the con-
ductance g of the film is determined by the Lan-
dauer conductance formula [32],
g =
2e2
h
T (1)
where the transmission probability T becomes [32],
T = Tr [ΓSG
r
FΓDG
a
F ] (2)
Here GrF and G
a
F correspond to the retarded and
advanced Green’s functions of the film, and ΓS and
ΓD describe its coupling with the source and the
drain, respectively. The Green’s function of the film
is written in this form,
GF = (E −HF − ΣS − ΣD)
−1
(3)
where E is the energy of the injecting electron and
HF represents the Hamiltonian of the film which
can be written in the tight-binding form within the
non-interacting picture like,
HF =
∑
i
ǫic
†
ici +
∑
<ij>
t
(
c†i cj + c
†
jci
)
(4)
In this expression, ǫi’s are the site energies and
t corresponds to the nearest-neighbor hopping
strength. As an approximation, we set the hopping
strengths along the longitudinal and the transverse
directions in each layer of the film are identical with
each other which is denoted by the parameter t.
Similar hopping strength t is also taken between
two consecutive layers, for simplicity. Now in order
to introduce the impurities in the thin film where
the different layers are subjected to different im-
purity strengths, we choose the site energies (ǫi’s)
randomly from a “Box” distribution function such
that the top most front layer becomes the highest
disordered layer with strength W and the strength
gradually decreases to-wards the bottom layer as a
function of W/Nl (Nl be the total number of layers
in the film), keeping the lowest bottom layer as im-
purity free. On the other hand, in the traditional
disordered thin film all the layers are subjected to
the same disorder strengthW . In our present model
we use the similar kind of tight-binding Hamilto-
nian as prescribed in Eq.(4) to describe the side
attached electrodes, where the site energy and the
nearest-neighbor hopping strength are represented
by the symbols ǫ′i and v, respectively. The pa-
rameters ΣS and ΣD in Eq.(3) correspond to the
self-energies due to coupling of the film with the
source and the drain, respectively, where all the in-
formations of this coupling are included into these
two self-energies and are described by the Newns-
Anderson chemisorption model [29, 30, 31]. This
Newns-Anderson model permits us to describe the
conductance in terms of the effective film properties
multiplied by the effective state densities involving
the coupling, and allows us to study directly the
conductance as a function of the properties of the
electronic structure of the film between the elec-
trodes.
The current passing through the film can be re-
garded as a single electron scattering process be-
tween the two reservoirs of charge carriers. The
current-voltage relationship can be obtained from
the expression [32],
I(V ) =
e
πh¯
∞∫
−∞
(fS − fD)T (E)dE (5)
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where fS(D) = f
(
E − µS(D)
)
gives the Fermi distri-
bution function with the electrochemical potential
µS(D) = EF ± eV/2. Usually, the electric field in-
side the thin film, especially for small films, seems
to have a minimal effect on the g-E characteris-
tics. Thus it introduces very little error if we as-
sume that, the entire voltage is dropped across the
film-electrode interfaces. The g-E characteristics
are not significantly altered. On the other hand,
for larger system sizes and higher bias voltage, the
electric field inside the film may play a more signif-
icant role depending on the size and the structure
of the film [33], but yet the effect is quite small.
In this article, we concentrate our study on
the determination of the typical current amplitude
which can be expressed through the relation,
Ityp =
√
< I2 >W,V (6)
where W and V correspond to the impurity
strength and the applied bias voltage, respectively.
Throughout this article we study our results at
absolute zero temperature, but the qualitative be-
havior of all the results are invariant up to some
finite temperature (∼ 300 K). The reason for such
an assumption is that the broadening of the en-
ergy levels of the thin film due to its coupling with
the electrodes is much larger than that of the ther-
mal broadening. For simplicity, we take the unit
c = e = h = 1 in our present calculations.
3 Results and discussion
Here we focus the significant results and describe
the strange effect of impurity on electron transport
through a thin film subjected to the smoothly vary-
ing impurity density from its surface. These results
provide the basic conduction mechanisms and the
essential principles for the control of electron trans-
port in a bridge system. An anomalous feature of
the electron transport through this system is ob-
served, where the current amplitude increases with
the increase of the impurity strength in the strong
impurity regime, while the current amplitude de-
creases with the impurity strength in the weak im-
purity regime. This peculiar behavior is completely
opposite to that of the traditional doped film in
which the current amplitude always decreases with
the increase of the doping concentration. Through-
out our discussion we choose the values of the dif-
ferent parameters as follows: the coupling strengths
of the film to the electrodes τS = τD = 1.5, the
hopping strengths t = 2 and v = 4 respectively in
the film and and in the two electrodes. The site
energies (ǫ′i’s) in the electrodes are set to zero, for
the sake of simplicity. In addition to these param-
eters, three other parameters are also introduced
those are represented by Nx, Ny and Nz, where
the first two of them correspond to the total num-
ber of lattice sites in each layer of the film along
the x and y directions, respectively, and the third
one (Nz) represents the total number lattice sites
along the z direction of the film. In the smoothly
varying disordered film, the different layers are sub-
jected to the strengthsWl = W/Nl, keeping the top
most front layer as the highest disordered layer with
strengthW and the lowest bottom layer as disorder
free. While, for the conventional disordered film,
all the layers are subjected to the identical strength
W . Now both for these two cases, we choose the
site energies randomly from a “Box” distribution
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Figure 2: Typical current amplitudes (Ityp) as a
function of the impurity strength (W ) for the thin
films with six layers (Nz = 6), where the system
size of each layer is taken as: Nx = 3 and Ny = 3.
The red and the blue curves correspond to the re-
sults for the smoothly varying and the conventional
disordered films, respectively.
function, and accordingly, we determine the typical
current amplitude (Ityp) by averaging over a large
number (50) of random disordered configurations
in each case to achieve much more accurate result.
On the other hand, for the averaging over the bias
voltage (V ), we compute the results considering the
range of V within −16 to 16 in each case. In this
present study, we concentrate ourselves only on the
smaller system sizes, since all the qualitative be-
haviors remain invariant even for the larger system
sizes, and therefore, the numerical results can be
computed in the low cost of time. The variation
of the typical current amplitudes (Ityp) as a func-
tion of the impurity strength (W ) for the thin films
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with system size Nx = 3, Ny = 3 and Nz = 6 is
shown in Fig. 2. The red and the blue curves corre-
spond to the results for the smoothly varying and
the conventional disordered films, respectively. For
the conventional disordered film, the typical cur-
rent amplitude decreases sharply with the increase
of the impurity strength (W ). This behavior can
be well understood from the theory of Anderson lo-
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Figure 3: (a) g(E)-E (red color) and (b) ρ(E)-E
(blue color) curves for an ordered (W = 0) thin
film with six layers (Nz = 6), where the system size
of each layer is taken as: Nx = 3 and Ny = 3.
calization, where more localization is achieved with
the increase of the disorder strength [34]. Such a
localization phenomenon is well established in the
transport community from a long back ago. A
dramatic feature is observed only when the disor-
der strength decreases smoothly from the top most
highest disordered layer, keeping the lowest bottom
layer as disorder free. In this particular system, the
current amplitude initially decreases with the in-
crease of the impurity strength, while beyond some
critical value of the impurity strength W = Wc
(say) the amplitude increases. This phenomenon is
completely opposite in nature from the traditional
disordered system, as discussed above. Such an
anomalous behavior can be explained in this way.
We can treat the smoothly varying disordered film
with ordered bottom layer as an order-disorder sep-
arated film. In such an order-disorder separated
film, a gradual separation of the energy spectra of
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Figure 4: (a) g(E)-E (red color) and (b) ρ(E)-E
(blue color) curves for a smoothly varying disor-
dered (W = 10, weak disorder limit) thin film with
six layers (Nz = 6), where the system size of each
layer is taken as: Nx = 3 and Ny = 3.
the disordered layers and the ordered layer takes
place with the increase of the disorder strength W .
In the limit of strong disorder, the energy spec-
trum of the order-disorder separated film contains
localized tail states with much small and central
states with much large values of localization length.
Hence the central states gradually separated from
the tail states and delocalized with the increase of
the strength of the disorder. To understand it pre-
cisely, here we present the behavior of the conduc-
tance for the three different cases considering the
disorder strengths W = 0, W = 10 and W = 30.
The results are shown in Fig. 3, Fig. 4 and Fig. 5,
respectively. In every case the pictures of the den-
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sity of states (DOS) are also given to show clearly
that with the increase of the disorder strength more
energy eigenstates appear in the energy regimes for
which the conductance is zero. Thus the separa-
tion of the localized and the delocalized eigenstates
is clearly visible from these pictures. Hence for
the coupled order-disorder separated film, the cou-
pling between the localized states with the extended
states is strongly influenced by the strength of the
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Figure 5: (a) g(E)-E (red color) and (b) ρ(E)-E
(blue color) curves for a smoothly varying disor-
dered (W = 30, strong disorder limit) thin film with
six layers (Nz = 6), where the system size of each
layer is taken as: Nx = 3 and Ny = 3.
disorder, and this coupling is inversely proportional
to the disorder strengthW which indicates that the
influence of the random scattering in the ordered
layer due to the strong localization in the disor-
dered layers decreases. Therefore, in the limit of
weak disorder the coupling effect is strong, while
the coupling effect becomes less significant in the
strong disorder regime. Accordingly, in the limit
of weak disorder the electron transport is strongly
influenced by the impurities at the disordered lay-
ers such that the electron states are scattered more
and hence the current amplitude decreases. On the
other hand, for the strong disorder limit the ex-
tended states are less influenced by the disordered
layers and the coupling effect gradually decreases
with the increase of the impurity strength which
provide the larger current amplitude in the strong
disorder limit. For large enough impurity strength,
the extended states are almost unaffected by the
impurities at the disordered layers and in that case
the current is carried only by these extended states
in the ordered layer which is the trivial limit. So
the exciting limit is the intermediate limit of W .
In order to investigate the finite size effect on the
electron transport, we also calculate the typical cur-
rent amplitude for the other two different system
sizes of the thin film those are plotted in Fig. 6 and
Fig. 7, respectively. In Fig. 6, we plot the typical
0 3 6 9 12 15 18 21 24 27 30
Disorder strength HWL
0
1
2
3
4
5
6
7
C
ur
re
nt
a
m
pl
itu
de
HI t
yp
L
Figure 6: Typical current amplitudes (Ityp) as a
function of the impurity strength (W ) for the thin
films with seven layers (Nz = 7), where the system
size of each layer is taken as: Nx = 3 and Ny =
3. The red and the blue curves correspond to the
identical meaning as in Fig. 2.
current amplitudes for the films with system size
NX = 3, Ny = 3 and Nz = 7, while the results
for the films with system size Nx = 3, Ny = 3 and
Nz = 8 are shown in Fig. 7. The red and the blue
curves of these two figures correspond to the iden-
tical meaning as in Fig. 2. Since both for these two
films we will get the similar behavior of the conduc-
tance and the density of states, we do not describe
these results further. The variation of the typical
current amplitudes for these films with the disor-
der strength shows quite similar behavior as dis-
cussed earlier. But the significant point is that the
typical current amplitude where it goes to a min-
imum strongly depends on the system size of the
film which reveals the finite quantum size effects in
6
the study of electron transport phenomena. The
underlying physics behind the location of the min-
imum in the current versus disorder curve is very
interesting. The current amplitude is controlled by
the two competing mechanisms. One is the ran-
dom scattering in the ordered layer due to the lo-
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Figure 7: Typical current amplitudes (Ityp) as a
function of the impurity strength (W ) for the thin
films with eight layers (Nz = 8), where the system
size of each layer is taken as: Nx = 3 and Ny =
3. The red and the blue curves correspond to the
identical meaning as in Fig. 2.
calization in the disordered layers which tends to
decrease the current, and the other one is the van-
ishing influence of random scattering in the ordered
layer due to the strong localization in the disordered
layers which provides the enhancement of the cur-
rent. Now depending on the ratio of the atomic
sites in the disordered region to the atomic sites
in the ordered region, the vanishing effect of ran-
dom scattering from the ordered states dominates
over the non-vanishing effect of random scattering
from these states for a particular disorder strength
(W = Wc), which provides the location of the min-
imum in the current versus disorder curve.
4 Concluding Remarks
In conclusion, we have investigated a novel feature
of disorder on electron transport through a thin
film of variable disorder strength from its surface
attached to two metallic electrodes by the Green’s
function formalism. A simple tight-binding model
has been used to describe the film, where the cou-
pling to the electrodes has been treated through the
use of Newns-Anderson chemisorption theory. Our
results have predicted that, in the smoothly vary-
ing disordered film the typical current amplitude in-
creases with the increase of the disorder strength in
the strong disorder regime, while the amplitude de-
creases in the weak disorder regime. This behavior
is completely opposite to that of the conventional
disordered film, where the current amplitude al-
ways decreases with the disorder strength and such
a strange phenomenon has not been pointed out
previously in the literature. In this context we have
also discussed the finite size effect on the electron
transport by calculating the typical current ampli-
tude in different film sizes. From these results it has
been observed that, the typical current amplitude
where it goes to a minimum strongly depends on the
size of the film which manifests the finite size effect
on the electron transport. Thus we can predict that,
there exists a strong correlation between the local-
ized states at the disordered layers and the extended
states in the ordered layer which depends on the
strength of the disorder, and it provides a novel phe-
nomenon in the transport community. Similar type
of anomalous quantum transport can also be ob-
served in lower dimensional systems like, edge disor-
dered graphene sheets of single-atom-thick, surface
disordered finite width rings, nanowires, etc. Our
study has suggested that the carrier transport in
an order-disorder separated mesoscopic device may
be tailored to desired properties through doping for
different applications.
Throughout our discussions we have used several
realistic approximations by neglecting the effects
of the electron-electron interaction, all the inelastic
scattering processes, the Schottky effect, the static
Stark effect, etc. More studies are expected to take
into account all these approximations for our fur-
ther investigations.
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